Abstract. Diurnal variation of number size distribution (particle size 3-800 nm) and modal parameters (geometric standard deviation, geometric mean diameter and modal aerosol particle concentration) in a highly polluted urban environment was investigated during October and November 2002 in New Delhi, India. Continuous monitoring for more than two weeks with the time resolution of 10 min was conducted using a Differential Mobility Particle Sizer (twin DMPS). The results indicated clear increase in Aitken mode (25-100 nm) particles during traffic peak hours, but towards the evenings there were more Aitken mode particles compared to the mornings. Also high concentrations of accumulation mode particles (>100 nm) were detected in the evenings only. In the evenings, biomass/refuse burning and cooking are possible sources beside the traffic. We have also shown that nucleation events are possible in this kind of atmosphere even though as clear nucleation events as observed in rural sites could not be detected. The formation rate of 3 nm particles (J3) of the observed events varied from 3.3 to 13.9 cm −3 s −1 and the growth rate varied from 11.6 to 18.1 nmh −1 showing rapid growth and high formation rate, which seems to be typical in urban areas.
Introduction
Numerous aerosol number size distribution and number concentration measurements has been conducted in urban environments in developed countries like United States, United Kingdom, Germany and Finland (Hämeri et al., 1996; Williams et al., 1998; Shi et al., 2001; Woo et al., 2001; Wehner et al., 2002; Longley et al., 2003) . The studies that have examined number size distribution or number conCorrespondence to: P. Mönkkönen (petteri.monkkonen@helsinki.fi) centration of aerosols in Asia, Latin America or Africa are very few (Baumgardner et al., 2000; Jayaratne and Verma, 2001; Mitra and Sharma, 2002; Mönkkönen et al., 2004a; Mönkkönen et al., 2004b; Mönkkönen et al., 2005) even though the air pollution problem is particularly serious in the mega cities of South and East Asia. Especially the cities like Delhi, Kolkata (Calcutta), Mumbai (Bombay), Dhaka, Karachi, Bangkok, Beijing, Shanghai, Jakarta, and Manila are concerned to be one of the most polluted cities (Balsano et al., 2003; Faiz and Sturm, 2000) . In India, most of the aerosol number size distribution measurements have been carried on Indian Ocean and Arabian Sea (de Reus et al., 2001; Kamra et al., 2003; Krishnamoorthy et al., 2000; Krishnamoorthy et al., 1997) and only short experiments at inland and coastal stations have been performed (Murugavel and Kamra, 1999; Rao et al., 1999) .
The major source of particulate matter (PM) and air pollution in the South and East Asia region is due to rapid urbanization and increasing vehicle density (Faiz and Sturm, 2000) . For example the vehicular population in New Delhi has increased from 235 000 from 1975 to 2 629 000 in 1996. An estimate as high as 6 000 000 vehicles in year 2011 has been proposed by Ministry of Environment and Forest of India (Goyal and Krishna, 1998) .
Traffic has been observed to be one major primary source of nucleation mode (D p <25 nm) particles (Longley et al., 2003; Shi et al., 2001) and it is also the major source of ultrafine particles in New Delhi (Mitra and Sharma, 2002) . One solution for decreasing air pollution in New Delhi has been applying Compressed Natural Gas (CNG) engine technology. We might speculate that applying CNG technology to transportation will not bring solution for the level of fine and ultrafine particles, since CNG and diesel engines have been found to be the major source of fine (D p <1000 nm) and ultrafine (D p <100 nm) particles (Ristovski et al., 2000; Ristovski et al., 1998; Kittelson, 1998) . In India, atmospheric aerosols are also emitted from combustion of fossil fuels (e.g. coal and liquefied petroleum gas (LPG) and biofuel (e.g. wood, dung-cake, crop waste) both in industrial and domestic sector. Emissions from fossil fuel combustion are localized to large point sources (utilities, refineries and petrochemicals, cement and fertilizers) and major cities while emissions from biofuel combustion are area sources spread all over India (Reddy and Venkataraman, 2002a; Reddy and Venkataraman, 2002b) .
The formation of new particles has been observed at a number of sites around the world. However, there are much less experiments performed in urban than rural locations . One reason for this might be that the formation of new particles in the urban atmosphere is expected to be far less favoured than in the rural atmosphere due to the high existing surface area for condensation of nonvolatile materials needed for homogeneous nucleation. Even though the identification of new particle formation is more difficult due to the large background particle concentrations (Alam et al., 2003) , nucleation events have been observed polluted environments like Mexico City (Dunn et al., 2004) . New particle formations in urban environments has also been observed Atlanta (Woo et al., 2001) , Birmingham, UK (Alam et al., 2003) , St Louis (Shi et al., 2002) , and Pittsburg (Stainer et al., 2002) .
The main objective of this study is to determine the diurnal variation of number size distribution (3-800 nm), the total number concentration and the modal parameters of urban background aerosols. The formation of nucleation mode particles in highly polluted Asian mega city is studied for the first time.
Methods
The field experiment was performed at India Habitat Centre (IHC/TERI) in New Delhi from 26 October to 9 November 2002. The measuring site located next to a traffic line in a residential area at the altitude of 15 m. Other similar type of office building located right to IHC building, but there were only small individual private houses locating opposite of the IHC building. The location of the site is shown in Fig. 1 .
Aerosol number size distributions were measured over the size range 3-800 nm using a twin differential mobility particle sizer (DMPS). The twin DMPS system consists of two Vienna-type DMAs (lengths 11 and 28 cm; see Winklmayr et al., 1991) , two CPCs, TSI 3025 (Stolzenburg and McMurry, 1991) and TSI 3010 (Quant et al., 1992) . The DMAs were used for the electrical mobility diameter size classification of the particles and CPCs measured the total particle number concentration after the classification. The sheath air volume flow rates of the DMA's were equal to 5.4 and 17.5 L/min covering the subranges 3-10 nm and 10-800 nm. The time resolution for the whole size range was 10 min. The sheath flows of DMAs were maintained using a closed sheath-air loop using critical orifices (Jokinen and Mäkelä, 1997) . The relative humidities of the sheath flows were kept below 25% with dryers.
The DMPS system was placed in the fifth floor next to a window. The inlet tube was placed outside of the window so that the inlet was 15 m above the ground level and 0.5 m from the wall of the building.
The sample air was led through a vertically-placed, 60-mm steel tube with a total flow of 26.5 L/min. The sample was taken from the main flow and led to instruments trough a 30-cm-long stainless steel tube having a diameter of 6 mm. All the CPC's and DMA's were calibrated before the campaign. The calibration method has been described in detail by Aalto et al. (2001) .
We used the same data inversion and fitting procedure in our investigation as Mäkelä et al. (2000a) in their analysis of typical continental air masses in Southern Finland. In our analysis we also describe the aerosol size distribution by a few well chosen parameters. These parameters are the geometric mean diameter (GMD), the geometrical standard deviation (σ ) and the modal aerosol particle concentration (N).
The weather conditions were stable during whole experiment. Days were sunny, but hazy, and no rain was observed. Diurnal maximum and minimum temperature and relative humidity is presented in the Table 1 . The effect of a long range transport to New Delhi's climate from other polluted regions was studied with help of NOAA HYSPIT trajectory Model. The analysis of the trajectories indicated low impact of other air masses to New Delhi's climate during the measuring period. (Fig. 3 ). These selected days present typical variations both in particle size distribution and number concentration of New Delhi's climate during the measuring period. The substantial pollution event observed 4-5 November (Day of Year 308-309) is reported by Mönkkönen et al. (2004b) . The number size distribution changed and the number concentration increased during the morning traffic peak hour (7-9 a.m.) and again in the evenings (6-10 p.m.). After the morning peak hour the number concentration decreased rapidly. This phenomenon can be explained by mixing within the developing boundary layer. Similar changes in the aerosol particle number concentrations were obtained also during different seasons . It is evident that the evening peak hour was also influenced by the traffic, but as we can see from Fig. 2a , the number size distribution differs between the morning and the evening. Especially during 28, 30 and 31 October (#301, 303 and 304, respectively) we clearly are able to see that there were less Aitken mode (25-100 nm) particles at morning compared to the evening. From Figs. 2 and 3 we are also able to see a large background aerosol population in New Delhi. During the measuring period the aerosol number concentration varied between 20 000 (4 Nov., #308, 3 p.m.) to 250 000 particles cm −3 (6 Nov., #310, 8 a.m.). A highest measured 24-h average was (6.28±1.78)×10 4 cm −3 . This average was more than two times higher compared to results measured by Shi et al. (1999) at roadside in UK and almost five times higher compared to average measured in three communities in East Germany between 1993 (Pitz et al., 2001 . Fig. 4a we can clearly see the increase in Aitken mode particles during traffic peaks hours (7-9 a.m. and 4-5 p.m.). During this day the concentration of Aitken mode particles remained almost the same level even between 10-11 a.m. After this point, the concentration of Aitken mode particles decreased until the concentration increased again after 4 p.m. Towards the evening the geometric mean diameter (GMD) of the particles increased so that at 10-11 p.m. there were a lot of accumulation mode (D p >100 nm) particles in the atmosphere. The increase of GMD and number concentration of the particles towards the evening in discussed in the next chapter. During the whole measuring period, high concentrations of accumulation mode particles were detected in the evenings and after midnight only. The decrease of accumulation mode particles after midnight could be explained by gravitational settling. Also in the evenings there were more Aitken mode particles compared to the mornings. Hence, there must be also another source at evenings, which beside the traffic, which is frequently repeated every day. (Fig. 3a) and number concentration (Fig. 3b ) from 4 to 8 November 2002. concentration of accumulation mode particles varied from 10 000 (at 3 p.m.) to 40 000 (at 0.15 a.m.) cm −3 . A slight increase of accumulation mode particles was observed at mornings (7-8 a.m.) and more clear increase at evenings (6-10.30 p.m.). There are several possible sources in New Delhi from where these particles are emitted to atmosphere. Firstly, the diurnal variations of the number concentration of Aitken mode particles at mornings and evenings indicate that these particles could be emitted from traffic. Ristovski et al. (1998) measured a typical number size distribution in the range of 15-750 nm (GMD close to 40 nm) for the unleaded gasoline engine and for the CNG engine in the range of 15-200 nm (GMD of 59 nm) (Ristovski et al., 2000) . In New Delhi, CNG technology is widely used in buses, taxis and autorickshaws since the Supreme Court of India ordered on 28 July 1998, that entire city bus fleet to be steadily converted to single fuel mode on CNG by 31 March 2001 (Dursbeck et al., 2001 ).
Diurnal variations of modal parameters
Secondly, we might consider that the traffic was not the only source of these particles. The maximum GMD of Aitken mode particles was higher at evenings (60 nm at 8 p.m.) than at mornings (40 nm between 6-8 a.m.). The GMD could increase at evenings as a result of burning biomass and refuse. This speculation is supported both by Pagels et al. (2003) and Sharma et al. (2003) . Pagels et al. (2003) found unimodal number size distribution when combusting moist forest residue. The GMD of the number concentration varied between 85-110 nm. Hence, it is possible that biomass burning increased the GMD at evenings in New Delhi. A very interesting result was found by Sharma et al. (2003) . They analyzed chemical composition of organic species present in PM 10 collected exactly at the same site as our DMPS measurements were conducted. Their study suggests that vehicular emissions and biomass and/or refuse burning are significant contributors to the organic fraction of PM 10 in New Delhi's atmosphere.
Other possible sources beside vehicular emissions and/or refuse burning at evenings in New Delhi could be cooking. Few studies indicate that cooking with gas/LPG has a significant contribution to indoor number concentration levels (Dennekamp et al., 2001; Mönkkönen et al., 2004c) . In New Delhi, LPG and burning biomass/other fossil fuels are the only form of cooking. Hence, the impact of cooking to the ambient air quality cannot be neglected while speculating the aerosol (D p <1000 nm) emissions in New Delhi.
3.3 Observations of nucleation mode particle formation An example of particle nucleation event day, 29 October 2002 (#302), is highlighted in Fig. 6 , in which the evolution of the size distribution and total number concentration is shown as a function of time. New particles appeared at the lower end of the size spectrum at 3 nm around noon, and grow rapidly thereafter. These can be used to analyze useful features of the events, such as particle formation and growth rates. Table 3 summarizes the observed nucleation events during the measuring campaign. The table presents the starting time of the event, event class, calculated particle formation rate for 3 nm particles (J3), growth rate (GR), condensation sink (CS) as well the concentration of condensable vapour C and their source rate Q ) and concentrations of SO 2 and NO 2 . CS and the concentration of SO 2 and NO 2 are given from the starting time of the event. Condensation sinks determines how rapidly molecules will condense on a preexisting aerosol. The events are classified in three different classes (Mäkelä et al., 2000b) . During the measuring period we observed eight events.
Most of the events are classified as class 3 type events. This means that even though the event could be detected, the formation and growth of nucleation mode particles are disturbed by high aerosol background concentration. All events occurred usually at noon or afternoon when the solar radiation is most intensive. Similar event starting times were also observed in Atlanta (Woo et al., 2001 ) and daytime nucleation events were also reported in Mexico City (Dunn et al., 2004) .
Unfortunately clear results on the connection between different trace gases and new particle formation cannot be achieved from our data set. The SO 2 and NO 2 concentrations were relatively high during the whole campaign. Since the time resolution to measure these gases was 4 h, conclusions of their role in formation and growth of nucleation mode particles in New Delhi cannot be made. However, the sulphuric acid might play a significant role in New Delhi as it plays important role in Mexico City (Dunn et al., 2004) . Figure 7 presents an example of the calculated condensation sink and aerosol surface area values from 27 to 29 October (#300-302). It is important to note that at the event starting time for both the condensation sink and aerosol surface area was in its minimum initiating a new particle formation event to occur. Similar results were also obtained from Mexico City. The analysis by Dunn et al. (2004) suggested that particle formation events occur in New Mexico when PM 10 mass concentration were at a significantly lower level than their averages hence decreasing condensational surface area.
The formation rate varied from 3.3 to 13.9 cm −3 s −1 which were similar magnitude with formation rates observed in Atlanta (McMurry et al., 2005 1 ). The growth rates varied 11.6 to 18.1 nmh −1 , which were slightly higher that rates (0.5 to 9 nmh −1 ) reported for Mexico City (Dunn et al., 2004) . The Q value is significantly higher (about 100 times) than in the rural forest in Hyytiälä, Finland. Also the growth rate and C are around 5 times higher and CS around 20 times higher than in Hyytiälä Kulmala et al., 2004) . This shows that in polluted urban environments high source rates of condensable vapours are necessary so that the condensational growth wins the aerosol dynamical competition with coagulation sink.
Conclusions
In this study we have for the first time presented the diurnal variation of the number size distribution (3-800 nm) and the modal parameters of urban background aerosols in a highly polluted Asian mega city. We have also shown that nucleation events are possible in highly polluted urban environment. Observed formation events were disturbed by high pre-existing aerosol population, and hence, as clear nucleation events than observed in rural background areas (e.g. Hyytiälä, Finland) could not be detected. The observed formation rate (J3) and the growth rate showed rapid growth and high formation rate, which seems to be typical in urban areas (Kulmala et al., 2004) . In the case of every observed event, the condensation sink was at minimum during event starting time. The source of condensable vapour molecules is seen to be 100 times higher than corresponding source in rural area . This shows that the formation of new secondary aerosol particles in polluted urban environment is possible, but requires high vapour sources in order to be able to overcome high coagulation sink .
The analysis of diurnal modal parameters revealed that there is also another source in the evenings, which beside the traffic is frequently repeated every day. Based on the diurnal variation of aerosol number size distribution and modal parameters presented in this study and the study conducted by Sharma et al. (2003) , vehicular emissions together with biomass and/or refuse burning might have significant contribution to New Delhi's atmosphere. Also the impact of cooking and new particle formation cannot be neglected.
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